Genetic linkage maps reveal the order of markers based on the frequency of recombination between markers during meiosis. Because the rate of recombination varies along chromosomes, it has been difficult to relate linkage maps to chromosome structure. Here we use cytological maps of crossing over based on recombination nodules (RNs) to predict the physical position of genetic markers on each of the 10 chromosomes of maize. This is possible because (1) all 10 maize chromosomes can be individually identified from spreads of synaptonemal complexes, (2) each RN corresponds to one crossover, and (3) the frequency of RNs on defined chromosomal segments can be converted to centimorgan values. We tested our predictions for chromosome 9 using seven genetically mapped, single-copy markers that were independently mapped on pachytene chromosomes using in situ hybridization. The correlation between predicted and observed locations was very strong (r 2 ϭ 0.996), indicating a virtual 1:1 correspondence. Thus, this new, high-resolution, cytogenetic map enables one to predict the chromosomal location of any genetically mapped marker in maize with a high degree of accuracy. This novel approach can be applied to other organisms as well.
I
NTEGRATING genetic linkage maps with chromoorganized meiotic chromosomes. This is an important point because the observed location of a gene on a some structure has been an important objective ever since it was demonstrated that genes occur in a fixed chromosome (relative to the centromere) can be different on mitotic compared to meiotic chromosomes, as order on chromosomes (Sutton 1903; Bridges 1916) . demonstrated by Froenicke et al. (2002) for mouse Linkage maps are defined by the percentage of recombichromosomes. Related observations indicate that differnation between markers [as expressed in centimorgans ences in mitotic and meiotic chromosomes may affect (cM)] and reveal the linear order of markers. However, the relative cytological distance between markers in they do not contain information on the actual physical plants as well (Stack 1984) . In this regard, Drosophila distance between markers, whether that distance is exmelanogaster has the best integration of cytological (chropressed as a cytological length (positions on chromomosome), genetic (recombination), and physical (DNA somes) or as a physical length (number of DNA base sequence) aspects of the genome, but this integration pairs). This is because crossing over is not evenly distribis based on somatic polytene chromosomes (http://fly uted along chromosomes. Crossing over is suppressed base.bio.indiana.edu/), not on meiotic chromosomes in heterochromatin and centromeres, and crossing over where crossing over actually occurs. For these reasons, is variable even in euchromatin where most crossing the position of individual genes along meiotic chromoover occurs (Sherman and Stack 1995; Harper and somes and the relation of gene position to meiotic reCande 2000; Anderson et al. 2003) . As a result, linkage combination are understood only in general terms for maps cannot be simply overlaid on chromosomes to most organisms. determine the physical position of genes. Even detailed
Here we relate linkage maps to meiotic chromosome information on the linear order of genes from a comstructure in maize by using the distribution of cytologiplete genome sequence cannot bridge the gap between cally visible markers of crossing over called late recombilinkage maps and chromosomes because DNA (as well nation nodules (RNs) on individually identified pachyas crossing over) is not evenly distributed along specially tene chromosomes (Anderson et al. 2003) . RNs are proteinaceous, multicomponent, ellipsoids ‫001ف‬ nm in diameter that are found in the central region of synapto-a total of 193 SCs identified as SC2 would be equal to a map 1999). Evidence that RNs mark crossover sites include length of (7 RNs ϫ 50 cM/RN) Ϭ were highly correlated, indicating a virtual 1:1 match.
have been published (Shen et al. 1987; Sadder et al. 2000; Koumbaris and Bass 2003) .
From this we conclude that high-resolution RN maps can be used to accurately predict the cytological location of any genetically mapped marker. Each SC is illustrated just above the lower x-axis with its short arm to the left and its centromere (C) indicated by a vertical line. On the upper x-axis, each SC arm has been divided into 10% length intervals. These designations are commonly used to indicate the location of translocation breakpoints. The predicted location of each core bin marker from the UMC98 map is marked by a solid circle on the cumulative centimorgan curves, and the predicted location of the marker on the chromosome/SC is indicated by a drop-down line. Core bin markers are numbered in series from the short arm to the long arm (see appendix).
RESULTS

Predicting
to one another. Core bin markers are separated by ‫02ف‬ phy. Nevertheless, the ISH procedure is essentially the same, and autoradiography yields results that are comcM on each chromosome. Because of their utility and more or less even genetic spacing, we chose to map the parable to fluorescence in situ hybridization (FISH). In addition, the observed ISH position of the wx1 locus location of these markers on the SCs. A number of different linkage maps are available for maize, but we close to the centromere in the short arm of chromosome 9 is consistent with linkage and comparative grass geused the UMC98 linkage map here because this map is finished, has many markers that are shared with other nome analyses (Ramakrishna et al. 2002) . The differences between the predicted and observed chromolinkage maps, and includes the genetic locations of centromeres (http://www.maizegdb.org; Davis et al. 1999) .
somal location of the sequences ranged from 0.02 m (wx1) to 0.84 m (csu54b; Table 1; Figure 2 ). These For each bivalent, the UMC98 linkage map is longer, i.e., more total map units, than the cumulative centivalues represent differences of ‫1.0ف‬ and 3.3%, respectively, of the total length of SC9. When the observed morgan RN map (Davis et al. 1999; Anderson et al. 2003) , so the centimorgan value of each core bin marker and predicted locations of the seven markers are plotted (Figure 3 ), the regression equation (y ϭ 1.01x Ϫ 0.04, was adjusted proportionally on an arm-by-arm basis to fit onto the corresponding RN map. The adjusted centir 2 ϭ 0.996) indicates a virtual 1:1 correspondence. Similar plots using the IBM2 neighbors frame 9 map (http:// morgan value of each core bin marker was placed onto the RN-cM map to predict the physical location of each www.maizegdb.org; Lee et al. 2002) also gave an excellent correspondence between observed and predicted marker on the appropriate pachytene chromosome ( Figure 1 ; SCs 1-10).
marker locations (y ϭ 0.98x ϩ 0.62, r 2 ϭ 0.996). In comparison, the correspondence between the observed Variability in crossover rates along maize chromosomes is demonstrated by the differences in the spacing ISH positions of the markers with the predicted positions based simply on their relative (%) positions in the of the predicted location of core bin markers. Markers are closer to one another in distal regions that have UMC98 linkage map is not as good (r 2 ϭ 0.90), and a number of points are clearly off the regression line high levels of crossing over than in proximal regions with low levels of crossing over. In some cases, the mark-( Figure 3 ). It appears that the RN-cM map helps to finetune the predicted location of the markers because it ers are spaced more or less evenly at the distal ends of arms (e.g., 1S, 2L, 6L, and 8L), while in other cases, the corrects for differences in recombination rate along the length of chromosome 9. spacing between markers is more variable (e.g., 3S, 3L, and 4L). The spacing variations for core bin markers Predicted genetic positions of centromeres correspond well to other estimates of centromere genetic on SCs 3 and 4 are due to both differences in spacing between the markers in the UMC98 maps (with separaposition: It is possible that there are substantial differences in the centromere locations estimated by genetic tions between markers of 5-12 cM rather than the typical 20 cM) and differences in recombination (RN) fremaps and those observed on SCs (where centromeres are directly visible). To test this, we compared the gequency along the SCs.
Predicted cytological locations of genetic markers are netic centromere positions from the UMC98 maps with those shown on our RN-cM maps ( Table 2 ). The correalmost identical to cytological positions determined by in situ hybridization: Pachytene chromosome identificaspondence was good (r 2 ϭ 0.84) with the largest difference noted for chromosome 6 that carries the nucleolartion is based on squash preparations in which each bivalent can be identified by its characteristic arm ratio organizing region on the short arm. With the exception of chromosome 6, the differences in centromere posiand relative length within the set (McClintock et al. 1981) . These same characters can be used to accurately tion are probably not great enough to have a large effect on the predicted cytological position of markers. identify maize pachytene chromosomes in squash preparations for both ISH and SC spreads (Shen et al. 1987; Sadder and Weber 2002; Anderson et al. 2003 ; Koum-DISCUSSION baris and Bass 2003). Thus, the features of pachytene chromosome structure used for identification do not
Integration of RN-cM maps with genetic linkage maps to predict the cytological location of markers: While a change with different preparative procedures, and marker locations can be reliably compared whether RN linkage map represents the linear order of markers and the frequency of recombination between markers on a maps on SCs or ISH markers on pachytene chromosomes are used.
chromosome, usually this map is related to the physical structure of the chromosome in only a general way. One We tested the predicted positions of markers on chromosome 9 using seven different single-copy sequences reason for this is that the rate of recombination varies in different parts of the genome (e.g., Sherman and that have been independently mapped using ISH (Shen et al. 1987; Sadder et al. 2000; Sadder and Weber 2002; Stack 1995; Sharopova et al. 2002) . Thus, two markers located in a chromosomal region with a high rate of Koumbaris and Bass 2003) . Each of these studies used fluorescent detection of markers except Shen et al.
crossing over may be physically close together but separated by a comparatively large linkage map distance, (1987) who localized the wx1 locus using autoradiogra- RN-cM maps provide an opportunity to bridge the ing pachytene (Gillies 1973), the contraction is consistent among all the chromosomes in a set and does not gap between linkage maps and meiotic chromosome structure. RNs are high-resolution markers of crossing substantially affect arm ratio or relative length (Anderson et al. 2003) . The difficulty of single-copy ISH mapover on pachytene chromosomes (Anderson et al. 2003) that can be used to directly convert linkage map position ping in maize limited the number of markers that were available to compare with our RN-cM predictions. Nevto chromosome position on the basis of crossover frequency. We used this property to predict the location ertheless, for chromosome 9, we were able to compare the positions of seven single-copy ISH markers with our of core bin markers on each of the 10 bivalents of maize. Currently, the best method available for testing our predictions from the RN-cM map. This comparison revealed a virtual 1:1 correspondence (Figures 2 and 3 ). predictions in maize is by comparisons with single-copy DNA markers that have been localized to pachytene This excellent correspondence indicates that (1) pachytene chromosome structure is not changed substantially chromosomes using ISH. Since RNs and ISH markers are both mapped on pachytene chromosomes (SCs), the total chromosome centimorgan map length. The predictive power of the RN map comparison (y ϭ 1.01x Ϫ 0.04, The numbers correspond to core bin markers and the letters correspond to other genetically mapped markers that have r 2 ϭ 0.996, solid line) is better than that of the UMC98 map comparison (y ϭ 0.71x ϩ 3.88, r 2 ϭ 0.900, broken line). been localized by ISH (see Table 1 ). comparison, Froenicke et al. (2002) were not able to rigorously test the correspondence between the expected and observed positions. by the different procedures used for ISH and for preparCorrespondence between RN-cM maps and linkage ing SC spreads and (2) RN-cM maps and linkage maps maps: The correspondence between the marker posiare closely related (even though the maps differ in overtions predicted by the RN-cM map and those observed all length). Most importantly, these results demonstrate by ISH on maize chromosome 9 is particularly striking that by using these RN-cM maps it is possible to predict when one considers the variables involved in the comthe cytological position of any genetic marker in maize parison. For example, the observed ISH marker locaon the basis of its map position relative to the UMC98 tions were from four different groups using somewhat linkage map. different methods. The good correspondence indicates While the correspondence between the predicted and that our RN-cM map is useful in positioning markers observed locations of markers for chromosome 9 is very regardless of the source of the ISH data. Another imporgood, it should be kept in mind that the RN-cM map tant difference is that the UMC98 linkage map [as well is compiled from the positions of 434 RNs on 234 SCs as other maize linkage maps (Anderson et al. 2003) ] is placed onto an average SC 9 and the ISH maps are about twice as long as the RN-cM map. The reason(s) based on the average position of ISH markers similarly for the discrepancies in map lengths is unclear, but placed onto an average pachytene chromosome 9. Nevthere are a number of differences in the procedures and ertheless, our results demonstrate the utility of this appopulations used to generate the maps. The UMC98 proach in determining the location of specific markers linkage map is based on analysis of an immortal F 2 popuon maize chromosomes. In addition, the location of lation of a genetic cross between two inbred lines (Tx303 any marker can be individually estimated, and it is not and CO159; Davis et al. 1999) and includes both male necessary to interpolate the position of a marker of and female recombination. In comparison, the RN-cM interest on the basis of its proximity to an anchored map is based on cytological observations of male cells marker on a chromosome. Such interpolations can be from a single inbred line, KYS. Several investigators have seriously affected by variation in recombination frereported differences in recombination frequency requency along the length of the chromosomes. Because lated to such variables as environmental conditions, difrecombination variation is directly charted by RN-cM ferent inbred lines, and different crosses in maize (Wilmaps, better estimates of marker position are possible.
liams Anderson et al. 2003) . Other potential To date, cytological and molecular maps in maize contributors to the differences are the type of computer have been merged primarily using A-A and B-A transloprogram used to assemble the molecular maps and the cations (Weber and Helentjaris 1989; Beckett 1991) .
value chosen in the computer program to indicate the While genetic mapping of translocation breakpoints can strength of interference (see discussion by King et al. be precise (Beckett 1991) , cytological mapping is often 2002). Another possibility is that the RN-cM map is too complicated by nonhomologous synapsis in the vicinity small because some RNs are lost at random. However, of the breaks that obscures the true breakpoints (Longthis is unlikely because there should be many more SCs ley 1963). RN-cM maps provide a complementary apwith no RNs than are observed (Anderson et al. 2003) .
In any case, on the basis of the close correspondence proach to the use of translocations for cytological map-between predicted and observed marker locations on chromosome 9, the differences between the RN-cM and linkage maps appear to be distributed proportionally along the entire length of the chromosome, at least at the resolution examined. These results also indicate that the RN-cM and the UMC98 maps are closely related measures of crossing over.
The presence of mapped centromeres in the UMC98 linkage map aided the positioning of markers on the chromosomes. This is because the low frequency of crossing over and the rather flat cumulative centimorgan map in pericentromeric regions means that resolution around centromeres is low. Indeed, when we ignored the position of the centromeres and mapped the predicted location of the seven markers on chromosome 9 from the tip of the short arm by simply multiplying their UMC map positions by the ratio of the RNcM map length to the UMC98 map length, wx1 mapped to the long arm (11.9 m) rather than to the short arm (8.2 m) where it has been located by ISH, linkage, and comparative genome analyses. In contrast, four of the other six more-distal markers changed position only slightly (0.2-0.4 m or 0.7-1.4% of the total length of SC 9). Thus, predicting the location of markers as a function of their distance from the centromere is particularly important for markers around centromeres.
Integration of the RN-cM and linkage maps reveals that most of the linkage map (including core bin markers and genes) is located distally (Figures 1 and 4 ). This suggestion is also supported by the observation that genes are hot spots for recombination (Civardi et al. 1994; Schnable et al. 1998; Fu et al. 2001 Fu et al. , 2002 Yao et al. 2002) . A similar clustering of genes in distal regions of chromosomes has been reported for other cereal grains (e.g., Gill et al. 1996) .
Resolution of the RN-cM map: The resolution of the RN-cM map is based on the 1671 0.2-m SC segments that were used for mapping. Segments this size correspond to 0.4% (SC1) to 0.9% (SC10) of pachytene chromosome length. The resolution of the maize RN-cM map in terms of DNA amount can be calculated to be ‫6.1ف‬ Mbp of DNA per 0.2-m segment (2675 Mbp per 1C DNA Ϭ 1671 segments; Bennett et al. 2000) . However, this calculation assumes that the DNA is evenly distributed along the length of each chromosome. In tomato, heterochromatic regions of pachytene chromosomes contain about six times more DNA per micrometer of SC than do euchromatic regions (Peterson et al. 1996) . While the heterochromatin of maize (aside from knobs) is not as prominent as that of tomato, the amount of DNA per SC length in the more heterochromatic proximal segments of maize pachytene chromosomes (Carlson 1988) is undoubtedly higher than the average value of 1.6 Mbp per segment, while that of the more distal, gene-rich, euchromatic regions is consequently lower than the average value. Thus, the resolu- (specifically, the most distal 3 m of each arm) average On the basis of this result, it is likely that the RN-cM Male mouse recombination maps for each autosome identified maps will be equally useful in predicting the location of by chromosome painting. Am. J. Hum. Genet. 71: 1353-1368. genetically mapped markers on the other nine bivalents. (as well as any genetically mapped marker) can be tested will require only a few selected markers for each maize 1082-1087. chromosome, an important consideration given the dif- Chromosome/SC number is indicated by the first number in the bin column. S, short; C, centromere; L, long. a Micrometers from tip of short arm as predicted from the RN-cM map, except centromeres that are measured directly from SCs.
